Removal of benzene and toluene, as the major pollutants of water resources, has attracted researchers' attention, given the risk they pose to human health. In the present study, the potential of copper oxide nanoparticles (CuO-NPs) in eliminating benzene and toluene from a mixed aqueous solution was evaluated. For this, we performed batch experiments to investigate the effect of solution pH (3-13), dose of CuO-NPs (0.1-0.8 g), contact time (5-120 min), and concentration of benzene and toluene (10-200 mg/l) on sorption efficiency. The maximum removal was observed at neutral pH. By using the Langmuir model, we measured the highest adsorption capacity to be 100.24 mg/g for benzene and 111.31 mg/g for toluene. Under optimal conditions, adsorption efficiency was 98.7% and 92.5% for benzene and toluene, respectively. The sorption data by CuO-NPs well fitted into the following models: Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich model. The experimental information well fitted in the Freundlich for benzene and Langmuir for toluene. Based on the results, adsorption followed pseudo-second-order kinetics with acceptable coefficients. The findings introduced CuO-NPs as efficient compounds in pollutantsadsorption. In fact, they could be used to develop a simple and efficient pollutant removal method from aqueous solutions.
Introduction
Benzene and toluene are widely used as solvents for organic compounds, cleaning equipment, and other downstream processes in the industry. They can enter the groundwater due to leakage from storage tanks, pipes, and improper burial sites [1, 2] . US Environmental Protection Agency (EPA) has introduced these compounds as primary pollutants with adverse effects on human health. They are also classified as carcinogen with definite carcinogenic properties [3, 4] .
Toluene is suspected to disrupt the central nervous system and is classified as a Group E carcinogen. Given these health effects, EPA has announced the maximum pollution level of benzene and toluene in drinking water as 5 g/L and 2 g/L, respectively. Also according to US Public Health Service announcement in 1989, the amount of toluene in drinking water should not exceed 2 g/L [5, 6] . Benzene and toluene are mostly found in effluents of chemical industries and refineries and have a high potential for pollution of surface water and groundwater. In addition, due to health effects, they are considered high-risk compounds for the environment [7] . Therefore, it is necessary to remove these compounds from water resources, particularly from surface water and groundwater.
Recently, nanoparticles (NPs) have been highly regarded by researchers for removal of pollutants. The unique properties of NPs and their high efficiency in removal of metals have made many researchers synthesize and use these substances for removal of environmental pollutants [8] [9] [10] . NPs have very good efficiency in the adsorption processes, especially 2 Journal of Chemistry adsorption of metal pollutants, due to their large effective surface and many active sites. In addition, these adsorbents have been used on a large scale to improve the capacity of adsorption of compounds with specific functional groups [11] . Nanoscale metal oxides have the potential to save water treatment costs and given their size and high absorption efficiency, they can improve the efficiency of technologies [12, 13] .
Copper oxide NPs (CuO-NPs) have been used as effective adsorbents of metals including arsenic, because there is no need to correct pH or oxidize arsenic 3 to arsenic 5, and they act very well in comparison with other NPs containing anionic compounds. According to studies of Martinson and Reddy [14] , CuO-NPs are known to be effective in the removal of a large number of compounds.
Benzene and toluene elimination from groundwater resources has been widely studied using various processes, mainly in biological recovery, evaporation, oxidation, and adsorption processes. In previous studies, benzene and toluene adsorption by resin, crude and refined diatomaceous earth, and organoclay have been evaluated [15] .
Lu et al. found that, in the initial concentration of 60 ppm and 200 ppm of benzene and toluene, the amount of toluene adsorbed in terms of the adsorbent mass unit is greater than the amount of adsorbed benzene [16] . In addition, Aivalioti et al. [17] have shown the greater adsorption potential of diatomaceous adsorbents in the removal of benzene, compared to toluene. Daifullah and Girgis [15] have found that the adsorption of benzene in terms of the adsorbent mass unit is more than toluene.
Su et al. in a previous study reported the adsorption potential of benzene and toluene to be 212 and 225 mg/g, using sodium hypochlorite-modified nanotubes at an initial concentration of 200 ppm, contact time of 240 minutes, and adsorbent concentration of 600 mg/L. Benzene adsorption capacity was greater than toluene [18] . This finding reveals that benzene and toluene adsorption by different adsorbents is dependent on the chemical properties and porosity of the adsorbent surface. Similar results have been provided by other researchers in previous articles [15] .
The aim of this research project was to conduct batch experiments to study adsorption capacity, reaction kinetics, and the effects of critical operating parameters on benzene and toluene removal by CuO-NPs. Four factors including pH, CuO-NPs dose, contact time, and initial benzene and toluene concentration were used to survey the efficiency of CuO-NPs in benzene and toluene removal from aqueous environments. Furthermore, modeling of experimental data was performed by isotherm equations.
Materials and Methods

Materials.
Benzene, toluene, and copper nitrate (Cu(NO 3 ) 2 ⋅3H 2 O) were supplied by Merck Co. (Germany). To prepare the stock solution, 2 mL of benzene and 2 mL of toluene (with a purity of 99.7%) were added to 1 L methanol. The homogeneous stock solution was completely sealed and stored in a volumetric flask until the daily solutions were prepared at different concentrations. A conventional method was applied to prepare CuO-NPs. First, distilled water was used to dissolve Cu(NO 3 ) 2 ⋅3H 2 O. The solution pH was set at 10 using Na 2 CO 3 (1 M) through stirring. Then, the product was aged with stock liquor over 12 hours at room temperature. Filtration was performed to gather the product. Afterwards, it was rinsed with demineralized water, dried for 1 day at 60 ∘ C, and calcined at a temperature of 350 ∘ C for 4 hours [19] .
Analysis.
In this study, benzene and toluene concentrations were analyzed using a headspace-gas chromatograph (Agilent 7890 A, Palo Alto, CA, USA) with a flame ionization detector and a capillary column (thickness, 0.25 m; length, 30 m; ID, 0.32 mm). For benzene and toluene measurements, the thermal program of the column was set at 40 ∘ C for 10 minutes, followed by a rise in temperature (temperature, 120 ∘ C; speed, 10 ∘ C/min) continuing for 2 minutes. The temperature of the injection site was fixed at 250 ∘ C, and 1 mL of the sample was injected into the device in the splitless mode. The gas chromatography effluent was transferred to an ionization source detector at 280 ∘ C through a 280 ∘ C transmission line. The analysis was performed in the selected ion monitoring mode. In addition, a Quanta-400F microscope, equipped with a field emission (KYKY-EM3900M, China) was used to perform scanning electron microscopy (SEM) of the prepared CuO-NPs on gold-coated samples. In order to determine the X-ray diffraction (XRD) pattern (CuK radiation; 40 kV; 30 mA), an advanced D8 diffractometer (Bruker, Germany) was used. In addition, a pH meter (WTW inoLab 7310) was employed to assess the solution pH.
Adsorption Experiments.
In the present study, triplicate batch experiments were performed. Batch adsorption experiments were performed in flasks (250 mL) via magnetic stirring. We prepared 100 mL of benzene and toluene solution (initial dose, 10-200 mg/L) through dilution of the stock solution with distilled water; afterwards, it was moved to a beaker and placed on a magnetic stirrer.
We adjusted pH (range, 3-13) by using a solution containing 0.1 N of HCl or NaOH. Then, 0.1-0.8 g/L of synthesized CuO-NPs was added, and the suspension was stirred during 5-120 minutes. The samples were removed from the mixture with a micropipette after reaching the desired contact duration; then, the residual concentration of benzene and toluene was analyzed by GC method.
Adsorption kinetic experiments were performed with 250 mL beakers, containing 0.6 g of CuO-NPs and 100 mL of benzene and toluene (10, 20, 50 , 100, and 200 mg/L) at pH of 7. After different intervals, we gathered and filtered the sample aliquots with syringe filters. Then, to determine the amount of the remaining contaminant, the aliquots were injected into the GC device. A similar procedure was applied for experiments on adsorption isotherms, with the exception that we used different concentrations of benzene and toluene solutions. The experiments were performed in triplicate under the same conditions to check the reproducibility of calculations; then, we measured the average values. The amount of the adsorbed benzene and toluene (mg/g) was calculated under different conditions:
In this equation, 0 is the initial concentration, denotes the liquid-phase dose of benzene and toluene at equilibrium in mg/L, denotes the solution volume (L), and refers to the quantity of the adsorbent (g). Moreover, to determine the benzene and toluene removal percentage, the following formula was used:
where denotes the initial dose of the pollutant and is the effluent concentration in mg/L. We carried out the experiments in duplicate to ensure the reproducibility of the findings; then, we measured the mean of 2 calculations. The equilibrium isotherm was demonstrated by the plot of equilibrium adsorption potential versus concentration at equilibrium.
Results and Discussion
Adsorbent Characterization.
View of adsorbent used for removing benzene and toluene in this study was analyzed by SEM and XRD device. Figure 1 shows the order specified absorbent SEM of the adsorbent. An agglomeration of nanoscale particles with spherical and flower shapes is clearly observed. The average diameter of spherical CuONPs counted from the SEM images is about 148 nm. Figure 2 shows the XRD profile of the adsorbent (CuO-NPs). All 11 diffraction peaks at 2 = 33
∘ C, and 75 ∘ C were indexed to (110), (002), (111), (202), (020), (202), (113), (311), (113), (311), and (004) planes, respectively, which are related to the monoclinic crystal phase of CuO-NPs; these values are comparable with those in JCPDS file for CuO (JCPDS, card number 45-0937).
Analysis of the Effect of Solution pH.
The solution pH is a critical factor in the application of nanoadsorbents as support materials in the removal of various pollutants in the adsorption process [20] [21] [22] [23] [24] [25] . Under different pH environments, transference of proton might take place on the surface of metal oxides, leading to adsorption in reaction pathways [26] . To determine the optimum solution pH, it was changed from 3 to 13 with an initial benzene/toluene dosage of 50 mg/L and an adsorbent concentration (CuO-NPs) of 0.4 g per 100 mL of solution. Figure 3 shows the effect of initial solution pH on benzene/toluene adsorption. It can be seen that, by increasing pH from 3 to 7, the removal efficiency increased from about 61.76% to 67.36% for benzene and 68.34% to 73.28% for toluene and continuous increasing of pH decreased the efficiency. The greatest adsorption potential was estimated to be 84.2 and 91.6 mg/g for benzene and toluene at a pH of 7, respectively. Under these conditions, the residual concentration of benzene was 16.32 mg/L and that of toluene was 13.36 mg/L. According to these results, the optimum pH was found to be 7 for benzene/toluene adsorption. Consequently, pH of 7 was considered optimal for the next steps.
Effect of CuO-NP Dose on Benzene/Toluene Adsorption.
The adsorbent dose is a critical factor, as it can show the adsorbent's potential (CuO-NPs) for a specific initial concentration of benzene/toluene. Hence, to determine the impact of CuO-NPs dose on benzene/toluene adsorption, 0.1 to 0.8 g/L of the adsorbent was used in the experiments at pH of 7 and initial benzene/toluene concentration of 50 mg/L for 60 minutes. As presented in Figure 4 , benzene/toluene removal efficiency is associated with CuO-NPs dosage in the solution. Based on the diagram, by increasing the concentration of the adsorbent from 0.1 to 0.6 g, the removal efficiency was enhanced from 62% to 93% for benzene and from 52% to 89% for toluene. Under these conditions, the residual concentration of benzene and toluene reached 3.29 and 5.22 mg/L, respectively.
Furthermore, as demonstrated in Figure 4 , benzene/ toluene removal capacity was rapidly enhanced by increasing the quantity of CuO-NPs from 0.1 to 0.6 g and from 0.6 to 0.8 g. We can explain this finding by resorting to the fact that sorption sites continue to be unsaturated in sorption, while the available sites grow in number by raising the adsorbent dosage [21] . Furthermore, it was found that further increase in dosage beyond 8 g/L rarely affected adsorption capacity of CuO-NPs (data not showed). Consequently, 0.6 g adsorbent was considered as the optimum dose.
In addition as presented in Figure 4 , the equilibrium adsorption capacity of CuO-NPs decreased from 312.4 to 77.85 mg for benzene and 263.9 to 74.63 mg for toluene. On the other hand, the adsorbed benzene/toluene per gram of adsorbent reduced fast with a rise in CuO-NPs (maximum adsorption capacity, 312.4 mg/g for benzene and 263.9 mg/g for toluene at minimum adsorbent concentration of 0.1 g/L). This observation might be associated with the fixed benzene/toluene dosage (50 mg/L), producing active sites on the surface of CuO-NPs and increasing the adsorbent dosage due to aggregation of particles [27] ; similar results have been reported by other researchers [21, 22, 24, 28] .
Effects of Contact Time and Initial Benzene/Toluene
Concentration. In the adsorption process, pollutant elimination from aqueous solutions is relative to the duration of adsorbent-adsorbate contact [22, 29, 30] . Also, the initial concentration of solute is of remarkable importance due to its role in solid/liquid equilibrium. Hence, benzene/toluene removal by CuO-NPs was investigated as a function of contact duration. Accordingly, the effectiveness of contact duration in the adsorption of benzene/toluene on CuO-NPs was examined at a fixed pH of 7, CuO-NP dose of 0.6 g/L, and various benzene/toluene concentrations.
The analysis of the relationship between contact time and rate of adsorption in the studied pollutants by CuO-NPs at different concentrations is shown in Figures 5 and 6 . As can be seen, at all concentrations tested, the highest removal efficiencies were observed in contact times of >40 minutes. Also, as presented in Figures 5 and 6 , pollutant elimination improved by increasing the contact time at different initial concentrations of benzene/toluene. In fact, in the first 20 minutes, the adsorption rate was reported to be high (36-63% for benzene and 38-59% for toluene), followed by a slower rate of adsorption and finally equilibrium within 80 minutes. Hence, due to the fact that no significant increase occurs in removal efficiency after 80 minutes, the contact time of 80 minutes was considered as the optimal adsorption time (equilibrium time). The high removal rate of benzene/toluene during the first one-third of reaction time has been attributed to the interfacial bonding of adsorbate on the empty and ready-to-adsorb binding sites of adsorbent surface. Similar findings were reported by other researchers [25, 31] .
The results regarding the effect of initial benzene/toluene concentration are shown in Figures 5 and 6 . As can be clearly seen, rise in the initial pollutant concentration could increase the removal efficiency and adsorption capacity. For instance, with an initial benzene concentration of 10 mg/L (contact time, 80 min), removal efficiency reached more than 87.4% with an adsorption capacity of 14.57 mg/g, whereas, at an initial benzene concentration of 200 mg/L, the corresponding values were 94.87% and 316.23 mg/g, respectively; similar trends were obtained for toluene. Consequently, the removal of benzene/toluene by CuO-NPs depends on the concentration of the pollutant. The rise in adsorption capacity ( ) by increasing the initial benzene/toluene concentration at fixed dose of adsorbent can be described by the increased driving force, associated with the concentration gradient [32] . In fact, the initial concentration of the pollutant molecules provides an important driving force to overcome the mass transfer resistance of all molecules between the aqueous and solid phases. Bulut et al. [33] observed that the amount of dye molecules adsorbed per unit mass of biosorbent increased with an increase in initial dye concentration from 50 to 250 mg/L. It is estimated that the binding sites of sorbent stay unsaturated during the biosorption mechanism.
Adsorption Kinetics.
Adsorption kinetics are of great importance in the application of adsorbents in actual situations. Several models have been employed to describe and explain the mechanisms involved in the sorption process. In the present study, to assess the adsorption kinetics of benzene and toluene on CuO-NPs, we used different models. In the pseudo-first model, it is assumed that there is a direct relation between changes in the rate of adsorption of the solved substance and time [25, 34] . The linear form of the first-order kinetics is shown in
where 1 denotes the pseudo-first-order rate constant (1/minute), represents the amount of adsorbed benzene and toluene at equilibrium (mg/g), is the amount of adsorbed benzene and toluene at time (mg/g), and denotes time in minutes. Therefore, a plot of ln( − ) versus determines 1 with respect to the slope and ln with respect to the intercept of the plot.
The second-order kinetic model [21] is presented as follows: In this equation, 2 represents the pseudo-second-order rate constant (g/mg/min), denotes the amount of adsorbed benzene/toluene during equilibrium (mg/g), denotes the amount of adsorbed benzene and toluene at time (mg/g), and refers to time in minutes. In case second-order kinetics were considered valid, a / versus plot can indicate the linear correlation. In addition, the rate constants of 2 and can be measured with respect to the slope and intercept of the plot, respectively. This model can probably predict behaviors during the adsorption process and is in accordance with chemical sorption (stage of rate control). On the other hand, adsorption is assumed to be directed by chemical adsorption in the second-order kinetic model. The intraparticle diffusion model is mathematically expressed as [35] 
where denotes the intraparticle diffusion rate constant in mg/g/min 0.5, is the intraparticle diffusion constant in mg/g, is time in minutes, and is defined as before.
By drawing in terms of 0.5 , and can be obtained. In the present research, the intraparticle diffusion model was applied to determine the adsorption mechanism. As previously described by Weber and Morris [36] , it should be noted that porosity and intraparticle diffusion influence the adsorption rate in a non-flow-agitated system.
The linear plots of pseudo-first-order, pseudo-secondorder, and intraparticle diffusion models for benzene and toluene are illustrated in Figures 7-9 . In addition, the values of reaction constants and correlation coefficients obtained from the linear plots are presented in Table 1 . It is apparent from the values of correlation coefficients that fitness of the pseudo-second-order model is better as compared to pseudofirst-order model (the linear regression correlations (R 2 ) from pseudo-second-order model were higher than those from pseudo-first-order model). As reported by Pillewan et al. [37] , in adsorption systems following pseudo-secondorder models, a common mechanism is chemical adsorption, incorporating a chemical bond between the active adsorbent sites and adsorbate valence forces. Furthermore, the plot of the linear form of intraparticle diffusion model is presented in Figure 9 . Also, the results of the analysis of parameters are demonstrated in Table 1 . The 2 values of the particle diffusion model are almost uniform, showing the greater contribution of adsorbate particle diffusion to constant rate analysis. 
Equilibrium Adsorption Isotherm.
Isotherms of adsorption are valuable curves to describe the adsorption equilibrium and provide a great deal of information to reveal the reciprocity between the adsorbent and adsorbate. On the other hand, adsorption isotherms are adsorption properties and equilibrium data, which describe the reactions of pollutants with adsorbents and have a critical role in the optimization of adsorbent use [38] . As presented in Table 2 , Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich models were applied in order to examine the equilibrium isotherms for benzene/toluene adsorption on CuO-NPs and explain the equilibrium adsorption information. These models are applied to describe the adsorption mechanisms, surface adsorbent characteristics, adsorption affinity, and adsorption experimental data. Consequently, building an excellent correlation between equilibrium diagrams for optimization of conditions and designing adsorption systems is very important [39] .
Langmuir Model.
It is appropriate for monolayer adsorption on surfaces, consisting of a fixed quantity of identical sorption sites. On the other hand, this model includes assumptions such as monolayer adsorption, surface uniformity, and removal of the interaction of the adsorbed molecules. For monolayer adsorption, the Langmuir equation is as follows:
In this equation, denotes the quantity of adsorbed benzene/toluene per unit mass of CuO-NPs as the adsorbent (mg/g), denotes the solution's concentration at equilibrium (mg/L), and refers to the maximum quantity of benzene/toluene for developing a monolayer on CuO-NPs (mg/g). It is possible to reset the Langmuir model in a linear form to facilitate plotting and determine the Langmuir constants ( ), as well as the optimal monolayer adsorption potential of the adsorbent ( ). Also, and are measured based on the linear plot (1/ versus 1/ ):
3.6.2. Freundlich Model. In this model, the assumption is that adsorption takes place on heterogeneous surfaces. Based on this model, the process is defined as follows [40] :
In this equation, and 1/ denote the characteristics of Freundlich constants, represents the adsorption potential of the adsorbent, and represents the intensity of adsorption. The equilibrium constants were examined with respect to the intercept and slope of the linear plot (ln versus ln ), respectively, according to the experimental information.
Temkin Model.
In this model, the assumption is that reduced sorption heat is linear, and binding energy distribution is uniform (up to the highest binding energy).
It considers indirect adsorbate-adsorbent interactions and suggests a linear decline in adsorption heat of all molecules inside the layer due to these interactions. Temkin model is normally as follows:
where and are measured based on a linear plot of versus ln , denotes the equilibrium binding constant (L/mg; the highest binding energy), and is associated with the adsorption heat.
Dubinin-Radushkevich Model.
This model is frequently applied to examine the porosity and free adsorption energy. The linear form of Dubinin-Radushkevich (D-R) model is as follows:
In this equation, denotes a constant associated with the mean free adsorption energy per mole of the adsorbate (mol 2 /KJ 2 ), refers to the theoretical saturation potential (mg/g), and represents the Polanyi potential [21, 41] .
The relationship between the amount of adsorbed benzene and toluene and their equilibrium concentrations was described by the four equations of adsorption isotherm, as follows: Langmuir, Freundlich, Dubinin-Radushkevich (D-R), and Temkin, and the best-fit equilibrium model was established based on the linear regression correlation coefficients, 2 . The values of 2 from Table 2 show that the Freundlich and Langmuir models give a good fit to the sorption isotherm for benzene and toluene onto CuO-NPs, respectively.
Conclusion
In the present study, CuO-NPs were successfully applied for benzene/toluene removal from aqueous environments. Based on the findings, the removal percentage was dependent on the solution pH, amount of CuO-NPs as the adsorbent, initial benzene/toluene dosage, and pollutant-adsorbent contact time. The maximum removal efficiency of CuO-NPs for benzene and toluene was observed at a pH of 7. Also, based on the findings, CuO-NPs could remove 98.7-25.41% of benzene and 92.5-35.2% of toluene from solutions with an initial dosage of 10-200 mg/L and contact duration of 1 hour. By increasing CuO-NPs and duration of contact, the removal percentage of benzene and toluene improved. According to the results, the sorption data fitted into the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich models. Also, benzene well fitted into the Freundlich model, and toluene well fitted into the Langmuir model. Based on the analyses, adsorption follows pseudo-second-order kinetics.
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